Abstract The biosynthesis of the Mycobacterium tuberculosis cell wall is targeted by some of the most powerful antituberculous drugs. To date, the molecular mechanisms by which these antibiotics affect the cell wall characteristics are not well understood. Here, we used atomic force microscopy -in three different modes -to probe the nanoscale surface properties of live mycobacteria and their modifications upon incubation with four antimycobacterial drugs: isoniazid, ethionamide, ethambutol, and streptomycine. Topographic imaging, combined with quantitative surface roughness analysis, demonstrated that all drugs induce a substantial increase of surface roughness to an extent that correlates with the localization of the target (i.e., synthesis of mycolic acids, arabinogalactans, or proteins). Chemical force microscopy with hydrophobic tips revealed that the structural alterations induced by isoniazid and ethambutol were correlated with a dramatic decrease of cell surface hydrophobicity, reflecting the removal of the outermost mycolic acid layer. Consistent with this finding, tapping mode imaging, combined with immunogold labeling, showed that the two drugs lead to the massive exposure of hydrophilic lipoarabinomannans at the surface. Taken together, these structural, chemical, and immunological data provide novel insight into the action mode of antimycobacterial drugs, as well as into the spatial organization of the mycobacterial cell wall.
Introduction
The Gram-positive bacterial pathogen Mycobacterium tuberculosis infects over one-third of the population in the world, causing annually nine million new cases and two million deaths [19] . The highly complex mycobacterial cell wall envelope plays essential roles in controlling the growth of the bacteria, its survival in the infected host, and the immunologic response [9, 12, 15] . Our present day understanding of its structure reveals a three-compartment entity composed of a plasma membrane; the cell wall core; and the extractable noncovalently linked glycans, lipids, and proteins (Fig. 1 ). The insoluble cell wall core is an insoluble matrix of crosslinked peptidoglycans linked to arabinogalactans, esterified at the distal ends to mycolic acids [3] . Although these major cell wall constituents are relatively well described, their three-dimensional distribution remains poorly understood and somewhat controversial [10, 16] . In particular, while a large proportion of lipoarabinomannan (LAM) and mannosylated phosphatidyl inositol (LM and PIMs) are proposed to be anchored into the cell membrane via their lipidic portion, they are also known to be present in the outermost portion of the envelope, which allows them to interact with the immune system [23, 26] . Thus, it is still unclear whether hydrophobic mycolic acids are present in the form of a continuous, outermost layer on the surface or whether hydrophilic polysaccharides, particularly LAMs, are embedded in this layer [10, 11] .
In the past few years, atomic force microscopy (AFM) has opened up a range of unprecedented opportunities for imaging and manipulating microbial cells in their native environment [18] . Of particular interest in the pharmacological context is the possibility to directly visualize the effect of drugs on cell surfaces. Early investigations performed in air demonstrated the ability of AFM to visualize drug-induced alterations in the cell walls of Escherichia coli [7] , Helicobacter pylori [8] , and Staphylococcus aureus [6] . However, attempts to probe cell-drug interaction in situ, i.e., in relevant hydrated conditions, have been very limited so far [28] .
The biosynthesis of mycobacterial cell envelope constituents is the site of action of powerful antimycobacterial agents. Ethionamide (ETH) and isoniazid (INH) inhibit the enoyl ACP reductase InhA involved in the biosynthesis of mycolic acids [2] , while the synthesis of the glycosylated portion of the wall is efficiently inhibited by ethambutol (EMB), which targets arabinosyltransferases [4] . Streptomycin (STR) targets the 30S subunit of ribosomes, leading to an inhibition of protein synthesis [30] .
The aim of the present study was to gain a better understanding of how major antimycobacterial antibiotics alter the mycobacterial cell envelope and, in turn, to refine our molecular view of the mycobacterial wall architecture. To address these issues, three complementary AFM modes were used, i.e., topographic imaging, chemical force microscopy (CFM), and immunogold detection. AFM imaging combined with quantitative roughness analysis revealed that INH, ETH, EMB, and STR induce major alterations of the mycobacterial surface. The CFM technique allowed us to correlate these structural changes with variations of chemical properties. Lastly, immunogold detection enabled us to map the distribution of LAM, both on native and treated cells. Our data show that the combination of antibiotic treatments with AFM imaging/ force spectroscopy constitutes a powerful tool to reveal the very complex architecture of the mycobacterial cell wall. Ultimately, these noninvasive nanoscale investigations may help us to understand how structural alterations of the envelope may lead to cell death.
Materials and methods

Bacterial cultures
Mycobacterium bovis BCG (strain 1173P2, World Health Organization, Stockholm, Sweden) was grown in Sauton medium. Mycobacteria were cultured at 37°C for about 2 weeks in static conditions using 50-cm 2 Roux flasks that contained 50 mL of Sauton medium supplemented with Triton WR1339 (Sigma-Aldridch, St. Louis, MO, USA). For some experiments, cells were resuspended for 24 h in Sauton medium containing INH, ETH, EMB, and STR at concentrations corresponding to minimum inhibitory concentration (MIC)/10, MIC, and 10×MIC. MIC values were 0.02, 2, 10, and 15 μg/mL for INH, ETH, EMB, and STR, respectively. All cells were harvested by centrifugation, Fig. 1 [17, 20] . After filtering a concentrated cell suspension, the filter was gently rinsed with deionized water, carefully cut (1×1 cm), and attached to a steel sample puck (Veeco Metrology Group) using a small piece of adhesive tape, and the mounted sample was transferred into the AFM liquid cell. For CFM, cantilevers were coated by electron beam thermal evaporation with a 5-nm-thick Cr layer followed by a 30-nm-thick Au layer. Gold-coated cantilevers were immersed for 14 h in 1-mM solutions of HS(CH 2 ) 11 CH 3 in ethanol and then rinsed with ethanol. Adhesion maps and histograms were obtained by recording 16×16 or 32×32 force-distance curves on areas of given size and calculating the adhesion force for each force curve.
The procedure for immunogold detection was as follows: Cells immobilized on membranes were preincubated for 1 h and 30 min with 10% BSA in phosphate-buffered saline (PBS) to minimize nonspecific adsorption. Samples were then incubated for 2.5 h with monoclonal mouse anti-LAM antibodies (04.CS.40.1.21.LAM.mm, Colorado State University, USA) diluted in PBS (1:20) . Samples were washed three times with PBS and then further incubated for 2.5 h with the corresponding goat antimouse second antibody conjugated to 10-nm gold particles (Goat-anti-Mouse IgG + IgM, 810.044, Aurion, Wageningen, The Netherlands). After washing three times with PBS, samples were mounted onto steel sample pucks as describe above.
Results and discussion
Antimycobacterial drugs induce major ultrastructural changes
Using in situ AFM imaging, the ultrastructure of the surface of M. bovis BCG was visualized prior to and after treatment with INH, ETH, EMB, and STR. Mycobacteria were mechanically immobilized onto polycarbonate membranes and imaged in aqueous solution without pretreatment, such as air drying or chemical fixation. Figure 2 shows representative low-and high-resolution images of native M. bovis BCG cells. Due to the large curvature of the cells, height-mode images (Fig. 2a) had fairly poor resolution, while deflection-mode images ( Fig. 2b-d) were much more sensitive to the surface relief. At low resolution (Fig. 2b ), bacteria were surrounded by artifactual structures resulting from the contact between the AFM tip and the edges of the cells (Fig. 2e) . High-resolution images revealed a very smooth and homogeneous surface, consistent with previous work [28] .
We then imaged mycobacteria following incubation for 24 h with INH, ETH, EMB, and STR at concentrations corresponding to the MICs (Fig. 3) . While the overall integrity of the cells was generally maintained, major ultrastructural alterations were observed: layered structures, striations, and porous morphologies. Presumably, these modifications reflect the inhibition of the synthesis of three major cell wall constituents, i.e., mycolic acids (INH, The white asterisk in b shows the top part of a cell, while the black asterisk reflects tip convolution artifacts that are schematically described in e ETH), arabinans (EMB), and proteins (STR). It is important to note that comparison of images obtained with the different drugs was qualitative and subjective and that substantial variations were observed when comparing different cells or different preparations.
Therefore, quantitative information from AFM topographic images was extracted by performing statistical analysis of the images at various length scales. To this end, surface roughness was analyzed through the power spectral density (PSD) of the fast Fourier transform of the height images [14, 29] . Figure 4 shows the variation of rms roughness (R rms ) as a function of the length scale for native cells and cells treated by the different drugs. For all cells, the surface roughness increased with the length scale and then reached a plateau after 200 nm. Notably, major differences in roughness were observed when comparing the different conditions. While native cells showed subnanometer roughness (R rms of 0.5 nm on 500-by-500-nm areas), cells treated with INH and ETH were substantially rougher (R rms of 1 nm). Treatments with EMB and STR lead to even larger roughness values (R rms of 3 and 4 nm, respectively). Interestingly, we note that the increase in surface roughness correlated with the localization of the targets: while moderate changes were observed for INH and ETH, which both target mycolic acids, more pronounced modifications were found for EMB and STR, which target arabinogalactan and proteins.
We also investigated the effect of drug concentration by comparing images obtained at MIC/10, MIC, and 10×MIC (Fig. 5) . Incubation with sub-MIC concentrations of ETH and INH did not significantly alter the surface roughness, while in similar conditions, STR caused a substantial increase of roughness (from 0.5 to 2 nm). These results suggest that breakdown of the mycobacterial cell wall can be obtained with antibiotics that do not specifically target the cell wall and that this effect may occur even in conditions where growth is not affected. This observation can be linked to the phenomenon described recently by Possoz et al. [24] , showing that sublethal concentrations of bactericidal drugs can deeply affect cellular processes bovis BCG prior to and after drug treatment. Variation of the rms roughness (R rms ) constructed from power spectral density analysis as a function of the length scale. All drugs give rise to a substantial increase of cell surface roughness, to an extent related to the localization of the target. Each data point represents the mean ± SD of three or four images obtained from at least two independent preparations without causing mortality, at least in vitro. The implication of this finding is of importance, as it suggests that antibiotic treatment, even with compounds that are not specifically targeting the cell envelope biosynthesis, may rapidly modify its structural properties and consequently may change the sensitivity of the bacteria to other drugs. For the three drugs, cells became significantly rougher upon treatment with MIC and 10×MIC concentrations. No major differences were observed between the two concentrations, suggesting that increasing the concentration at values larger than the MIC does not change the drug effects. In summary, the above quantitative surface roughness analysis demonstrates that all drugs induced major cell-surface alterations to an extent that correlates with the localization of the target.
Structural changes correlate with differences in chemical properties
We then addressed the question as to whether the drugs alter the cell surface chemical properties, an issue of particular relevance because mycolic acids are thought to confer strong hydrophobic properties to the cells. CFM with hydrophobic tips was used to probe the local hydrophobic character of M. bovis BCG prior to and after treatment with INH and EMB for 24 h at the MIC. As shown in Fig. 6a -c, native cells displayed large adhesion forces (3,032±102 pN) that were uniformly distributed on the surface. Comparison with data obtained on model alkanethiol surfaces indicates that the bacterial surface is markedly hydrophobic (equivalent to 40% of hydrophobic methyl groups), which agrees well with the presence of an external layer of mycolic acids. This strong hydrophobicity is not consistent with models describing a bacterial surface exposing polar head groups of associated lipids interacting with mycolic acids [16] . In addition, the adhesion contrast was rather homogeneous, suggesting strongly that native cells are homogeneously hydrophobic and, thus, that mycolic acids form a homogeneous layer with no (or few) hydrophilic polysaccharides [10] .
These nanoscale measurements are consistent with earlier macroscopic water contact angle data [5] , which showed that the presence of mycolic acids of bacteria from Corynebacterium and Mycobacterium genera is related to cell surface hydrophobicity as well as to cell adhesion to defined surfaces. Mycobacterial species were shown to exhibit water contact angles of 85 to 98°, reflecting remarkably strong hydrophobic properties, while bacteria lacking mycolic acids were much less hydrophobic. Although the water contact angle approach is very useful for assessing the hydrophobic qualities of microorganisms, it provides averaged information obtained on large ensembles of cells. Accordingly, AFM is a powerful complementary approach to such traditional methods, providing for the first time spatially resolved and quantitative measurements of hydrophobicity on single live cells.
Notably, Fig. 6d -i shows that treatment with INH and EMB markedly decreased the hydrophobic character of the cells, adhesion forces of only 137±31 and 167±56 pN being recorded in these conditions. We believe the measured strong hydrophilic properties reflect the exposure of inner-cell-wall carbohydrates, such as arabinose, galactose, and mannose, resulting from the removal of the outermost mycolic acid layer. This observation is consistent with the action modes of the drugs, i.e., inhibition of mycolic acid (INH) and arabinan (EMB) synthesis, as well as with the structural changes observed by topography imaging.
Interestingly, most cells showed homogeneously dark adhesion contrasts (Fig. 6e and h) , indicating that the whole mycolic acid layer had been removed or deconstructed upon treatment. However, some cells showed the coexistence of hydrophobic and hydrophilic regions (Fig. 7) , attributed to portions of unaltered mycolic acids and of underlying carbohydrates, respectively. This shows that CFM is able to resolve nanoscale chemical heterogeneities on the cell surface. In summary, the above CFM measurements provide direct, unambiguous confirmation that mycolic acids confer strong hydrophobic properties to the cells and that these properties are lost after treatment with antimycobacterial drugs. [2] . For EMB, this finding is more surprising because the drug inhibits the polymerization of arabinose found in arabinogalactan and LAM [4] . Because we showed that the drug removes mycolic acids, our data suggest that LAM and arabinogalactan -onto which mycolic acids are attached -are not repressed in the same way, which is actually consistent with previous studies [11, 13, 21, 22, 27] . In agreement with hydrophobic heterogeneities observed on treated cells (Fig. 7) , we noted that some regions were devoid of any particles. Thus, we believe these nonlabeled areas correspond to hydrophobic regions of nonaltered mycolic acids, reflecting the tendency of these molecules to self-organize. Finally, it is also worth noting that: (1) gold particles were never seen in contact mode, emphasizing the need to use tapping (phase) mode for such in situ immunogold studies, and (2) gold particles were poorly resolved and rather fuzzy in tapping mode, presumably reflecting energy dissipation of the oscillating tip. The feasibility of using immunogold labels as cellsurface markers in AFM studies has been demonstrated earlier. In a pioneering study [25] , AFM was used to image the surface of immunogold-labeled human lymphocytes. AFM images revealed colloidal gold particles on the cell surface with and without silver enhancement. Individual immunogold particles were clearly resolved from the cell surface, thus determining the location of antigens. More recently, a similar AFM-based immunogold technique allowed the revealing of types I and II collagen fibers on rat fibroblasts and human chondrosarcoma cells [1] . Because the above cellular studies were performed in the dried state, it is unclear whether the information provided is more relevant than that obtained using conventional immunogold electron microscopy. To our knowledge, the present study represents the first attempt to apply immunogold AFM to hydrated bacterial cells.
Summary and biological implications
AFM -used in the topography, CFM, and immunogold modes -is a powerful multifunctional tool for exploring the interactions between live mycobacteria and antimycobacterial drugs. Quantitative topographic imaging shows that INH, ETH, EMB, and STR induce a major increase of cell surface roughness. Using CFM, these structural alterations are found to correlate with a dramatic decrease of cell surface hydrophobicity, an effect that we attribute, at least for INH and ETH treatments, to the removal of the mycolic acid layer. Consistent with these findings, immunogold detection shows that treatment with these two drugs leads to the massive exposure of hydrophilic LAM at the surface.
Taken together, the above structural, chemical, and immunological data provide novel insight into the 3-D organization of the mycobacterial cell wall. The uniform distribution of cell surface hydrophobicity measured on d) and EMB (e, f). All cells were incubated with monoclonal anti-LAM antibodies, followed by another incubation with the corresponding gold-conjugated secondary antibodies native cells and the absence of any substantial labeling with anti-LAM antibodies strongly suggest that LAM is not abundant at the cell surface, the latter being essentially composed of highly hydrophobic molecules such as mycolic acids or wall-associated lipids. This finding makes it very unlikely that LAM is anchored in the mycolic acid leaflet via its lipid tail and exposed at the surface of the bacteria. This may seem surprising because ELISA tests have shown the presence of LAM at the cell surface [11] . However, this apparent discrepancy may easily be explained as follows: (1) unlike AFM, ELISA assays are not specific to the outermost cell surface but probe the entire cell wall, and (2) as opposed to here, ELISA measurements may have been performed in conditions favoring a nonspecific anchoring of LAM to the cell wall. The question as to how these glycolipids, as well as other components of the external portion of the envelope, cross the outer lipid barrier remains to be addressed.
To our knowledge, this is the first time that modifications of the physicochemical properties of the cell wall due to antibiotic treatments were observed on hydrated mycobacteria. The data confirm the idea that the dual property of the cell wall composed of an outer homogenously hydrophobic leaflet of mycolic acid and an inner hydrophilic arabinogalactan matrix should eventually limit the passage of both hydrophobic and hydrophilic antibiotics. Consequently, the development of new antimycobacterial compounds should take into account their future association with drugs that modify the ultrastructure of the cell wall and that may influence their capacity to cross the remaining envelope. On the other hand, this work also suggests that the efficiency of a given therapy will progressively change with the erosion of the envelope, and not necessarily in a positive manner.
